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miRNA-based anticancer therapies, either alone or in combination with current targeted therapies, with the goal to improve disease response and increase cure rates. Here, we review our current knowledge about miRNA involvement in cancer. introduction microRNAs (miRNAs or miRs) are endogenous, small non-coding single-stranded RNAs of ~22 nucleotides in length, found in both plants and animals, which function at posttranscriptional level as negative regulators of gene expression.
Annotation of genomic positions of miRNAs indicates that most miRNAs genes are located in intergenic regions, but they are also found within exonic or intronic regions in either sense or antisense orientation. The miRNAs localized within introns of protein-encoding or -non-encoding genes have been denominated 'mirtrons' (1) . miRNAs can be organized as individual genes or localized as clusters representing miRNAs families, which are commonly related in sequence and function. miRNAs are mainly transcribed by RNA polymerase II (RNA pol II) from their own promoter or from promoter of the host gene in which they reside. RNA pol II synthesized large miRNA precursors called primary-miRNAs (pri-miRNAs) (2) , which contain both 5´-cap structure (7MGpppG) as well as 3´-end poly(A) tail (3) . Clustered miRNAs might be transcribed from a single transcription unit as polycistronic primary-miRNA.
microRNA biogenesis can be then summarized in two main processing steps, taking place, respectively, in the nucleus and in the cytoplasm: pri-microRNAs are first processed into the nucleus by RNAse III Drosha, associated to a double stranded RNA-binding protein DGCR8 (DiGeorge syndrome critical region gene 8; Pasha in flies) known as the microprocessor complex, that generates ~70 nucleotides precursor miRNA products, which locally fold into stable secondary stem-loop structures (4) .
The short stem plus a ~2 nt 3´ overhang of the originated precursor molecules are recognized by the Ran-GTP-dependent transporter Exportin 5, which mediates the translocation to the cytoplasm (5) . Here the second cropping process (dicing) takes place, performed by the RNAse III enzyme Dicer (Dicer 1 in flies) associated to TRBP (TAR RNA-binding protein) or protein activator of the interferon induced protein kinase (also known as PRKRA), and Argonaute (AGO1-4), which cleave the miRNA precursor hairpin generating a transitory miRNA/miRNA* duplex (also named miR-3p/miR-5p), which includes the mature miRNA guide, generally selected according to thermodynamic properties, and the complementary passenger strand, usually subjected to degradation. However, whereas the so called miRNA* was initially thought to be the strand subjected to degradation, instead more recent evidence suggests that it does not simply represent a non-functional bioproduct of miRNA biogenesis, but it can be selected as a functional strand and play significant biological roles (6) .
This duplex is then loaded into the miRNA-associated RNAinduced silencing complex, including the mature single-stranded miRNA molecule and AGO proteins, where the mature miRNA is able to regulate gene expression at posttranscriptional level, binding for the most part through partial complementarity to target messenger RNAs (mRNAs) [generally the 3´ untranslated regions (UTR)], and mainly leading to mRNA degradation or translation inhibition, depending on the sequence complementarity between the small RNA and the target mRNA (7) .
Additional findings suggested, however, that both miRNA biogenesis and function are more complex than previously expected. Canonical and non-canonical intronic miRNAs (mirtrons) seem to follow alternative biogenesis pathways (8) . Canonical mirtrons are processed co-transcriptionally before splicing, and the splicing commitment complex is thought to tether the introns while Drosha cleaves the miRNA hairpin. At this point, the precursor miRNA enters the classical miRNA pathway, whereas the rest of the transcript undergoes precursor mRNA splicing and produces mature protein-coding mRNA. In non-canonical pathway, mirtrons are produced from spliced introns as debranched introns that mimic the structural features of precursor miRNAs and enter to miRNA-processing pathway without Drosha-mediated cleavage (1, 9, 10) . (Figure 1 ).
Beside biogenesis, recent reports have shed more light into the complex mechanisms regulating microRNA function on target mRNAs. Indeed, microRNAs mainly recognize complementary sequences in the 3´ UTRs of their target mRNAs; however, more recent studies have reported that they can also bind to the 5´ UTR or the open reading frame (11) (12) (13) (14) and, even more surprisingly, they can upregulate translation upon growth arrest conditions (7) (Figure 2 ).
In addition, it has been evidenced that mature miRNAs may also be localized in nucleus, through a specific hexanucleotide (AGUGUU) sequence which acts as a transferable nuclear localization element (15) . Moreover, it has been shown that vesicles of endocytic origin, known as exosomes, may contain both mRNA and microRNAs, which can be delivered to another cell and be functional in this new location. These RNA molecules were denominated exosomal shuttle RNAs as they mediate exchange of miRNAs with other cells, which represents a novel mechanism of genetic exchange (16) .
Overall, these data show the complexity and widespread regulation exerted by miRNAs and motivate the searches for their currently still unidentified functions.
microRNA dysregulation in cancer: how the story began
The first evidence of the involvement of microRNAs in human cancer derived from studies on chronic lymphocitic leukemia (CLL): Dr Croce's group found that critical region at chromosome 13q14, frequently deleted in CLL, does not contain a protein-coding tumor suppressor gene, but two microRNA genes, miR-15a and miR-16-1, expressed in the same polycistronic RNA. A couple of years later, they mapped all the known microRNA genes and found that many of them are located in regions of the genome involved in chromosomal alterations, such as deletion or amplification, in many different human tumors (17) . After these early studies indicating the role of microRNA genes in the pathogenesis of human cancer, platforms to assess the global expression of microRNA genes in normal and diseased tissues have been developed, as an effort to establish whether microRNA profiling could be used for tumor classification, diagnosis and prognosis (18) : after an extensive use of custom-made (19) and then commercial miRNA microarrays and bead-based flow cytometric miRNA analysis methods (20) , the last generation of large-scale profiling method is represented by the high-throughput deep sequencing (21, 22) . miRNA profiles can distinguish not only between normal and cancerous tissue and identify tissues of origin but they can also discriminate different subtypes of a particular cancer or even specific oncogenic abnormalities: miRNAs, for example, are differentially expressed between basal and luminal breast cancer subtypes (23, 24) and can specifically classify estrogen receptor, progesterone receptor and HER2/neu receptor status (25) (26) (27) .
Even more importantly, several groups in recent years have reported how microRNA profiling can predict disease outcome or response to therapy. After the first evidence in CLL, where a unique microRNA signature was associated with prognostic factors and disease progression in CLL (28) , and lung cancer, where miR-155 overexpression and let-7a downregulation were able to predict poor disease outcome (29) , several other reports have supported the significance of microRNAs as prognostic biomarkers (30, 31) .
Extremely important is also the possibility to evaluate miRNA expression to predict the response to specific drugs since it might be useful for a more accurate selection of patients potentially responsive to a specific therapy. miR-21, for example, is sufficient to predict poor response to adjuvant chemotherapy in adenocarcinomas (32) and in pancreatic cancer patients treated with gemcitabine (33) .
In summary, the potential of miRNA signatures to distinguish between tumor and normal tissue, to discriminate between different subgroups of tumors and to predict outcome or response to therapy have focused scientist attention on these small molecules as potential clinical biomarkers, either diagnostic, predictive or prognostic.
Multiple layers of microRNA expression regulation
Several mechanisms can control microRNA expression and result to be altered in human diseases, including cancer: chromosomal abnormalities, as first suggested by the pioneer study on miR-15a and 16-1 (34), supported by the evidence that microRNAs are frequently located in regions of the genome involved in alterations in cancer (17) and then confirmed by several studies (35, 36) ; mutations, as the inherited mutations in the primary transcripts of miR-15a and miR-16-1 responsible for reduced expression of the two microRNAs in vitro and in vivo in CLL (37) ; single nucleotide polymorphisms, as described in lung cancer (38) .
In addition to structural genetic alterations, the deregulated micro-RNA expression in cancer can also be due to epigenetic changes, as altered DNA methylation, as suggested by the evidence that half of the genomic sequences of miRNA genes are associated with CpG islands (39) and then proved by several experimental reports. Most part of the currently published studies have used the approach to unmask epigenetically silenced oncosuppressor microRNAs inducing chromatin-remodeling by drug (as the DNA methyltransferase inhibitor 5-aza-2´-deoxycytidine) treatment, as observed for miR-127 (40), miR-9-1 (41) as well as the clustered miR-34b and miR34c (42); alternatively, the evaluation of miRNA profiling analysis in DNMT1-and DNMT3b-deficient colorectal cancer cells allowed the identification of another hypermethylated oncosuppressor micro-RNA, miR-124a (43) .
Conversely, the upmodulation of putative oncogenic microRNAs in cancer can be due to DNA hypomethylation (44, 45) .
Beside DNA methylation, another epigenetic mechanism that can affect microRNAs expression is represented by histone acetylation: histone deacetylase inhibition is indeed followed by the extensive and rapid alteration of microRNA levels (46) (47) (48) (49) (50) .
However, the scenario connecting microRNAs and epigenetics is even more complicated, being microRNAs themselves able to regulate the expression of components of the epigenetic machinery, both DNMT and histone deacetylase enzymes, creating a highly controlled feedback mechanism (51) (52) (53) (54) (55) (56) .
This evidence raises the intriguing idea to apply as possible therapeutic approach the modulation of microRNA expression by targeting components of these regulatory networks.
microRNA expression can be also modulated as a consequence of defects in the microRNA biogenesis machinery: deregulation of different cofactors, for example, can affect miRNA expression with important biological implications (57, 58) .
In particular, it seems that Dicer or Drosha silencing promotes cellular transformation and tumorigenesis in vivo: conditional loss of Dicer1 in mice lung tissues enhances the development of lung tumors in a K-ras mouse model (59) . Finally, loss of Dicer and/or Drosha has also been inversely correlated with outcome in lung cancer (60) , cancers of the ovarian epithelium (61) and more recently in other tumor types as nasopharyngeal carcinoma (62), neuroblastoma (63) and breast (64) .
It may sound surprising that reprogramming of the whole 'microRNome', including both oncomiRNAs and tumor suppressor miRNAs, can lead to a specific effect: how is the equilibrium shifted in favor of an antitumoral effect? This might be related to the possibility that most microRNAs seem to exert a role as oncosuppressors and consequently are mostly downregulated in human neoplasia (20) .
A few reports, however, describe a positive correlation between Dicer expression and poor outcome in colorectal cancer (65) and in prostate cancer (66) or the overexpression of Drosha in cervical cancer (67), thus raising the important issue to validate this still debated question and verify whether the effect of targeting the microRNA machinery might be tissue-related.
microRNA processing can be also affected by other microRNAs, directly or indirectly, thus creating a complex level of reciprocal interaction and regulation. Piccolo's group (68) have described a microRNA family, miR-103-107, able to empower the metastatic potential targeting Dicer thus attenuating the global microRNA biosynthesis, with a particular effect mediated by the downregulation of miR-200 family, and the consequent switch to a more mesenchymal and aggressive phenotype. A more recent report by Tang et al. (69) demonstrates that microRNAs can have nuclear functions, directly regulating other microRNA processing: mouse miR-709 is indeed predominantly located in the nucleus, where it directly binds to a recognition element on pri-miR-15a/16-1 preventing its processing.
Finally, a deregulation of miRNA expression can be a result of increased or decreased transcription due to an altered transcription factor activity: microRNA can indeed be either positively or negatively regulated by transcription factor with oncosuppressive, as p53 activating miR-34a (70, 71) 
microRNA function: a wide network of molecular interactions
It is currently well documented how cancers develop sophisticated networks of biological activities that contribute to their ability to progress and, in some cases, evade treatment.
Gain-of-function and loss-of-function experiments, in combination with target prediction analyses, have demonstrated that microRNAs can affect different steps of the tumorigenic process.
ApoptomiRs and microRNAs regulating proliferation
Among the pioneer studies demonstrating that microRNAs can impair cell proliferation or induce apoptosis through oncogene targeting, it is still worth citing the first pioneer studies: miR-15a-16-1 targeting BCL-2 (77) or let-7 targeting RAS (78) and MYC (79) . Vice versa, miRNAs with oncogenic properties can negatively regulate tumor suppressor proteins as the well-described miR-21: the expression of this miRNA has been reported at high levels in breast (27) , glioblastomas (80) and pancreas (81) among others. Chan et al. blocked miR-21 expression in glioblastoma cell lines and reported an increased activation of caspases and of apoptosis (82) . Additional studies showed that miR-21 exerts its anti-apoptotic effects by targeting the tumor suppressors phosphatase and tensin homolog and programmed cell death 4 (83,84). More recently, Slack's group (85) has shown that mice conditionally expressing miR-21 develop a pre-B malignant lymphoid-like phenotype, thus demonstrating that miR-21 is a genuine oncogene.
Unfortunately, this is one of the few microRNA engineered animal models developed up to date, models that can provide the genetic demonstration of the causative involvement of a specific microRNA in a biological phenomenon through knock out or transgene introduction. miR-17-92 cluster and miR-155, both overexpressed in lymphoproliferative disorders, including lymphomas and leukemia (86, 87) , were the first examples of miRNAs with oncogenic activity validated in engineered animal models (87) (88) (89) (90) . Notably, overexpression of miR-155 alone in the lymphoid compartment was sufficient to cause cancer and did not require any other cooperative mutation or oncogene expression (89) .
miRs as a tool to tackle drug resistance
Being able to affect practically all biological processes, including proliferation and apoptosis, it is not surprising that microRNAs can impact response to specific drugs, including chemotherapy.
This hypothesis mostly derives from in vitro studies of gain or loss of function, where candidate miRNAs are initially identified in tumor cell lines with different degrees of resistance to specific therapeutic drugs and then targeted in order to overcome drug resistance. One of the first reports describing the involvement of microRNAs in chemoresistance was performed in cholangiocarcinoma cell lines (90) , where inhibition of miR-21 and miR-200b increased sensitivity to gemcitabine. This first evidence was followed by many other studies (91) (92) (93) .
However, beside chemotherapy, microRNAs can also improve the responsiveness to targeted therapies: overexpression of miR-221 and miR-222 is responsible for resistance to anti-estrogenic therapies, as Tamoxifen (94, 95) and Fulvestran (96) , whereas ectopic expression of oncosuppressor miR-205 is able to improve the responsiveness to Tyrosin Kinase Inhibitors through direct targeting of HER3 (97) .
These associations highlight not only the importance of microRNAs as predictive biomarkers but also the possibility to use them as an alternative approach for tackling drug resistance.
MetastamiRs
To successfully metastasize, a tumor cell must complete a complex set of processes, including invasion, survival and arrest in the circulatory system and colonization of foreign organs. Despite great advancements in the knowledge of metastasis biology, the molecular mechanisms are still not completely understood. Remarkably, a number of miRNAs have shown a regulatory role in the metastatic program, thus giving raise to the term metastamiRs: this expression was indeed recently introduced by Welch et al. to refer to those regulatory microRNA involvement in human cancer Downloaded from https://academic.oup.com/carcin/article-abstract/33/6/1126/2463724 by guest on 07 January 2018 miRNAs which promote or suppress various steps in migration and metastasis of cancer cells (98) , affecting key steps as epithelialmesenchymal transition (EMT), migration and angiogenesis.
Among the metastasis promoters, we can cite: miR-10b. Originally reported as downregulated in most breast cancers in comparison with normal mammary tissues (27) , surprisingly miR-10b resulted also highly expressed in ~50% of metastatic tumors. In 2007, Ma et al. (99) from Robert Weinberg's group evidenced that upregulation of miR-10b suppressed homeobox D10 (HOXD10) expression, thus allowing the activation of pro-metastatic gene RHOC and initiation of breast cancer invasion and metastasis. A few years later, the same group has exploited a possible therapeutic application, reporting that systemic treatment of tumor-bearing mice with miR10b antagomirs suppresses breast cancer metastasis (100) .
miR-21 stimulates invasation, extravasation and metastasis in different tumor types, included colorectal cancer (101) and breast cancer (102) .
miR-373 and miR-520c. In 2006, through a genetic screen Agami's laboratory identified miR-373 as a potential oncogene in testicular germ cell tumors, where it suppressed p53-induced pathway, thus cooperating with oncogenic RAS to promote cellular transformation (103) . A few years later, the same group (104) used a similar approach on the non-metastatic MCF7 cell line and found that miR-373 and miR-520c stimulated cell migration and invasion in vitro and in vivo regulating the cell surface glycoprotein CD44 (cell surface receptor for hyaluronan). It is important to underline that, in breast cancer cells, the metastatic potential is indeed strongly correlated to EMT and the CD44+/CD24− stem cell phenotype.
A few relevant examples of metastasis inhibitors: miR-34a, lost in several tumor types and involved into the network mediated by the well-known 'genome guardian' p53 (70), inhibits migration and invasion by downregulation of MET expression in human hepatocellular carcinoma cells (105) .
miR-200 family members and miR-205 have been shown to reduce cell migration and invasiveness targeting ZEB transcription factors, known inducers of EMT (76) . Moreover, miR-205 inhibits in vitro migration and experimental lung metastasis in MDA-MB-231 cells targeting VEGFA (106) .
miR-126 and miR-335 act as negative regulators of tumor invasion and metastasis in human breast and lung cancer (107) . Notably, the same group has more recently revealed that endogenous miR-126 noncell autonomously regulates endothelial cell recruitment to metastatic breast cancer cells, in vitro and in vivo. It suppresses metastatic endothelial recruitment, metastatic angiogenesis and metastatic colonization through coordinate targeting of IGFBP2, PITPNC1 and MERTK, pro-angiogenic genes and biomarkers of human metastasis (108) . Thus, miRNAs can exert their function influencing interaction between different cell types. Another example is represented by the acquirement of a metastatic phenotype following miR-320 loss in cancer-associated fibroblasts: miR-320 is indeed a crucial component of a phosphatase and tensin homolog-controlled tumor-suppressive axis in stromal fibroblasts and loss of phosphatase and tensin homolog and miR-320 induces an oncogenic secretome that reprogrammes the tumor microenvironment to promote invasion and angiogenesis (109) .
Indeed, one of the crucial steps of the metastatic process is represented by neo-angiogenesis, which allows cells to reach and disseminate through the systemic circulation. microRNAs can control tumor progression also at this level either promoting, as miR-210 (110) and miR-17-92 (111), or inhibiting, as miR-221 and miR-222 or miR-16, miR-15b, miR-20a and miR-20b (112), proliferation of endothelial cells.
Always focusing on metastasis-inducers microRNAs, Ma et al. (113) described how miR-9 increases the metastatic potential by targeting E-cadherin and thus activating the beta-catenin signaling, which contributes to upregulate the expression of vascular endothelial growth factor.
Interestingly, supporting the correlation between microRNAs and metastases, it has been reported that primary tumors and metastasis from the same tissue show a similar pattern of microRNAs expression (114) . Being a more accurate classifier than mRNA expression studies, miRNA profiling has thus revealed the potential to solve one of the most demanding issues in cancer diagnostic: the origin of metastasis of unknown primary tumors.
microRNAs enter the stem cell world miRNAs have emerged as important regulators of embryonic development (115) and stem cell functions (116) in mammals.
Interestingly, miRNA expression patterns in embryonic stem cells often bear resemblance to those observed tumor cells, especially the most undifferentiated and aggressive subtypes, and this evidence is not surprising if we consider that miRNAs can control EMT process, differentiation and pluripotency. Moreover, it has been reported that microRNAs can affect CSCs (cancer stem cells) biology: let-7, for example, regulates stem cell properties as self-renewal and differentiation. Indeed, lentiviral-mediated overexpression of let-7a inhibited cell proliferation, mammosphere formation, tumor formation and metastasis in NOD-SCID mice and reduced the proportion of undifferentiated cells in vitro (117) .
In keeping with the described previously oncosuppressive role of miR-200, it has been reported that this family of microRNAs are significantly downregulated in both breast CSCs and normal mammary stem and/or progenitor cells (118) . Functional studies showed that overexpression of miR-200c reduced the clonogenic and tumorinitiation activities in BCSCs and suppressed formation of mammary ducts by normal mammary stem cells. The stem cell factor BMI-1 was directly modulated by miR-200c (119) .
A never-ending puzzle: factors influencing microRNA function
Considering the different rules regulating miRNA/target interaction, and the evidence that microRNAs can target multiple molecules, it is unlikely that miRNAs will be responsible for a specific phenotype by aiming at a single target. Instead, it is thought that miRNAs engage in complex interactions with the machinery that controls the transcriptome and concurrently target multiple mRNAs. This is probably the most intriguing rational supporting the idea of using microRNAs as anticancer drugs.
Computational algorithms for target identification, mainly based on the free binding energy between a miRNA and a putative target mRNA sequence are by definition prediction tools, which need an experimental validation. The most commonly used validation method is represented by a reporter assay: the co-transfection of the miRNA of interest and the 3´UTR of the target mRNA cloned downstream the luciferase gene leads to reduction of the reporter activity due to the binding of the miRNA to the recognition site on the target sequence. This inhibitory effect is impaired by mutating the miRNA binding sequence of the target 3´UTR. However, even though this method suggests a physical and functional interaction between a miRNA and its target, it does not prove it directly. To this aim, more rigorous pulldown assays have been designed, as immunoprecipitation of labeled miRNA/mRNA complexes and consequent target identification by reverse transcription-PCR and sequencing (120) or immunoprecipitation with Ago2 antibody, thus isolating the ternary, presumably functional, miRNA/mRNA/Ago2 complex (121) .
However, the rules of miRNA/target mRNA regulation are even more complicated than previously thought. As example, the discovery of other functional non-coding RNAs (ncRNAs), interconnected with each other, has revealed a network of regulatory molecules definitely more intricate than expected.
One of the first studies reporting the existence of other ncRNAs involved in tumorigenesis and connected to microRNAs was reported by our group (122): more in detail, Calin et al. observed that a large fraction of genomic ultraconserved regions encode a particular set of ncRNAs whose expression is altered in human cancers, and which can be regulated by microRNAs.
A more recent report by Pandolfi's group (123) has introduced the revolutionary concept that miRNA effect on mRNA containing common miRNA recognition elements can be affected by competing endogenous RNAs: RNA transcripts, both protein coding and noncoding, can compete for miRNA binding, thus co-regulating each other.
Beside the existence of other RNAs able to interfere with miRNA function, other mechanisms can affect their regulatory action on target molecules: one example is represented by the evidence that mRNAs can present or develop specific alterations to escape miRNA control.
Different studies have indeed reported the existence of oncogenic mRNAs carrying mutations or single nucleotide polymorphisms in their 3´ UTR allowing them to avoid miRNA binding and consequent negative control, as demonstrated, for example for let-7 and RAS interaction in lung cancer, where an single nucleotide polymorphism in the let-7 binding site on RAS 3´ UTR alters RAS expression and is associated with higher occurrence risk (124) . Another very interesting report is the study published by Sandberg et al. (125) , who discovered how proliferating cells express mRNAs with shortened 3´ UTRs and fewer microRNA target sites. It would be of extreme interest to evaluate the selection for oncogenes with shortened 3´ UTRs in different tumor types (Figure 3 ).
Future perspectives
The past decade has witnessed an explosion of research focused on small ncRNAs: conserved among the species and involved in every biological process examined, these tiny RNA molecules have been demonstrated to be crucial regulators of gene expression.
Cancer is defined by abnormal and uncontrolled cell division, a phenotype that arises from the alteration of different mechanisms, leading not only to misregulation of several protein coding genes but also to a global change in miRNA profile. Being microRNAs major regulators of gene expression, with roles in nearly every area of cell behavior, development and survival and able to regulate multiple targets acting as oncogenes or tumor suppressor genes, it is not surprising that their altered expression contributes to a substantial cell re-organization and is causally involved in so many different human tumors.
However, although significant advances have been made for the future role of miRNAs in diagnostics, there have been so far fewer reported successes in the development of miRNAs for use in therapy. Indeed, even though a number of reports have described the possibility to reintroduce or inhibit microRNAs (reviewed in ref. 126) , there are still many issues that need to be addressed for an effective translation in clinics, as the development of efficient methods of a specific drug delivery and the accurate prevision of putative unwanted off target effects.
Nevertheless, the results obtained up to date seem quite promising and encouraging, and even though we still have to improve the knowledge in microRNA field to even think of future therapeutic applications, we might be not so far from there. Fig. 3 . Mechanisms controlling microRNA function: how cells can escape miRNA-mediated control
